Abstract-This paper presents a 9.4/18.8-GHz harmonic radar to investigate the behavior of bees with colony collapse disorder. The challenges of using harmonic radar for bee searching include the requirements of high range accuracy and high sensitivity. A new harmonic radar using the pseudorandom code positioning technique to simultaneously achieve high range accuracy and high sensitivity is proposed. This study also proposes a new method to cancel the local leakage to further improve sensitivity. To realize the transponder, a compact antenna is designed using the topology characteristics of the composite right/left-handed transmission-line concept. The measured sensitivity of the transceiver is 120 dBm, which is 27 dB lower than the noise level. Field testing results demonstrate a 60-m detection range within 1-m distance error with 1.75-W transmitting power. The significant improvement of the sensitivity and the range accuracy reveal the advantages of applying the code-positioning technique to the harmonic radar.
lapse disorder (CCD), in which worker bees abruptly disappear from a beehive [7] . The operating principle of a harmonic radar is to use a transponder to double the fundamental frequency of the transmitting signal from the transceiver and use it as the receiving signal of the transceiver. The transponders can be detected without the influence of environmental reflection because the unwanted reflection signals from these objects are included in the fundamental frequency and can be filtered. Radar techniques make it possible to determine the distances and the directions of the transponders. Therefore, the positions of targets can be obtained.
Several radar techniques can be used to determine the distance of a harmonic radar transponder. In [3] and [5] , the distances were obtained from the power ratio of the transmitting and receiving signals. Although these systems are simple, they are sensitive to the environment or system loss and have low range accuracy. The approaches in [4] , [6] , and [8] measure the time delays between the envelopes of the transmitted and received pulsed signals. Although time delays are not related to the signal power level, the shortest detection distances are limited by the pulsed widths. In [1] , a biased transponder reduced the transmission power of the high accuracy FMCW radar technique. However, this type of a high-power CW source is not easy to obtain.
In summary, accuracy and detection ranges remain challenges for harmonic radars. Accuracy is important because the targets are small. Thus, high accuracy can achieve more accurate positioning. Because the conversion rate of the passive transponder is low, the output power or sensitivity must be increased to improve the detection range.
We propose a new harmonic radar using the pseudorandom code (PRN code) [12] , [13] positioning technique, which is one of a spread spectrum technique [16] , [17] to achieve high accuracy and high sensitivity simultaneously [9] . Using the correlation of PRN codes, the distances of the bees can be obtained with high range accuracy. Changing the continuous PRN code signal to the pulsed continuous PRN code signal reduces the average power according to the duty cycle of the signal. The processing gain from the correlation of PRN codes improves the sensitivity with the chip number. A new method to cancel the local leakage is also proposed so as not to degrade the sensitivity of the radar. To put the transponder on a bee, a small and lightweight transponder was designed to minimize the effect on 0018-9480/$31.00 © 2012 IEEE the body of the bee. The proposed 9.4/18.8-GHz harmonic radar achieves transceiver sensitivity of 120 dBm, which is 27 dB lower than the 93-dBm noise level. Field testing shows that the detection range is 60 m with a 1.75-W transmit power. The sensitivity is 106 dBm, which is 13 dB lower than the noise level of 93 dBm. This improvement in sensitivity achieves a 150% improvement in the detection range, which is expected to be 900 m when the output power is 3 kW. Therefore, the PRN code positioning technique significantly improves the accuracy and detection range. Fig. 1 shows the configuration of the proposed harmonic radar. A microwave signal with a power of is transmitted to a transponder on a bee, and the transponder doubles the received signal frequency. The distance ( ) can be estimated with the received signal from the transponder. The bees can be located using the azimuth determined by the direction of the high-directivity receiving antenna.
II. SYSTEM ARCHITECTURE
The fundamental frequency of the proposed harmonic radar is 9.4 GHz. This selection is a tradeoff between the transponder size, the azimuth resolution, and power budget. The transponder size is an important specification because the transponders must be placed on bees during field tests. To minimize the influence of the bees' movement, the transponders is smaller than 3 mm 5 mm , which is feasible to design. A high-gain antenna is required to achieve a high-azimuth resolution. Because the directivity of the antenna is inversely proportional to and proportional to the effective area, a higher operation frequency can increase the antenna directivity with the same effective area. For a 1.8-m-diameter dish antenna operating at 9.4 GHz, the antenna directivity is greater than 38 dB and the 3-dB beamwidth is smaller than 1 . Because the periphery of 1 with a radius of 100 m is 1.7 m, this azimuth resolution satisfies the purpose of this harmonic radar to search for bee searching. However, increasing the operation frequency decreases the received power according to the Friis formula and increases the difficulty of achieving a high-power amplifier. Therefore, the 9.4-GHz operating frequency is selected for this bee-searching radar to achieve a reasonable searching distance and azimuth resolution.
According to the Friis formula, the received power can be expressed as (1) where is the antenna gain of the transmitting antenna, is the effective area of the receiving antenna, is the effective area of the transponder in fundamental frequency, is the antenna gain of the transponder at the second-harmonic frequency, and is the conversion efficiency of the diode. Expressing the effective area of antenna to the gain of antenna and the wavelength, the Friis formula can be written as (2) The conversion rate of the transponder is defined as the ratio between the total radiated power from the transponder to the power density of the transponder. If the sensitivity of the transceiver is , then the detection range can be expressed as (3) Since degrades with the power density rapidly, a high is required to extend the detection range. However, the cost of the power amplifier with high is high. Thus, this study proposes using a PRN code radar to improve so that can also be improved without increasing .
III. PULSED PRN CODE RADAR PRINCIPLE
PRN code is a radar technique of pulse compression to accurately estimate the delay between the transmit and receive signal. Comparing the other code techniques, such as Barker code [14] and Gold code [15] , the PRN code technique has the advantage of being easily generated and high accuracy. The distance between the target and the transceiver can be calculated as (4) where is the speed of the microwave signal. The reason of using the PRN code is that the correlation function of PRN code provides significantly better sensitivity and distance accuracy [18] . Fig. 2 (a) shows the waveform of the PRN code used in the proposed radar. This PRN code is a pseudo-random sequence with 1023 chips. The chipping rate is 25 MHz, and, as a result, the total length of PRN code is approximately (5) is close to 1 when is zero and decreases rapidly when is away from zero. When is away from zero to one chip width , the absolute value of the autocorrelation function decreases by less than [10] . This property is important to calculate the delay between two identical PRN code signals with time delay. For example, by calculating the correlation between the transmitted signal and the received signal , the delay between and can be found by searching the peak of the correlation. Because the correlation between and decreases rapidly while is away from the delay between and , the time resolution is determined by the sampling rate of the waveform. A 8-b oscilloscope with a sampling rate of 2 GHz is used to capture the waveforms. Consequently, the time resolution of the delay is 0.5 ns. This time resolution leads to a high ideal range accuracy of 7.5 cm, according to (4) .
In addition to the advantage of high range accuracy, applying the PRN code can also improve the sensitivity of the radar. When calculating the autocorrelation of the PRN code, the processing gain is proportional to the number of chips [10] . On the other hand, the system has a 30-dB processing gain upon applying the PRN code with 1023 chips. This 30-dB processing gain enables the radar system to detect the received signals with the power level of 30 dB below the noise level theoretically. This significantly expends the detection range without increasing the output power.
To apply the PRN code to this radar system, the PRN code is modified from a continuous signal to a pulsed signal with a duty cycle of 5%. Therefore, the average output power is 1/20 of the peak output power. The reason of this modification is that a high-power pulsed microwave amplifier is more readily available than a high-power CW microwave amplifier. The 5% duty cycle pulsed signal has a repeating period of 1 ms.
When includes signals from multiple targets, such as (6) the correlation between and is the sum of the correlation between each reflection signal and as follows: (7) This is because the correlation in (5) is a linear transformation. As shown in Fig. 3 , the correlation between and exhibits multiple peaks when there are multiple targets. The peak values of the correlation are proportional to the magnitude of the signal from the targets. The number and delays of the multiple target signals can be found by observing the number of the peaks and the delays of the peaks.
The linearity of this correlation can be used to detect the multiple targets and cancel unwanted signals from the local leakage. Fig. 3 illustrates the correlation between and , which contains signals from local leakage and targets. The power level of the local leakage is usually much higher than the target signal power. Thus, if the delay between the target signal and the local leakage is too short, the correlation related to the target signal will be covered by the correlation related to the local leakage . Because the correlation is not equal to zero (maximum to 1/100) [ Fig. 2(b) ] when the delay is far from zero, the correlation related to the far target signal will still be covered by
. Because both the peak of the near target correlation and the peak of the far target correlation are influenced by the local leakage correlation , the cancellation of the local leakage is necessary to prevent the local leakage from influencing the sensitivity of the radar. This study proposes a new method of canceling the local leakage. Because the linearity of the correlation, the correlation related to the local leakage can be subtracted from . According to Fig. 2(b) , the autocorrelation of the PRN code is symmetric with respect to of zero. Therefore, the correlation related to the local leakage with delay of is symmetric with respect to of and can be expressed as (8) Consider a correlation containing the summation related to and multiple target expressed as (9) By subtracting the correlation mirror to at in can be canceled effectively. The derivation is expressed as (10) and the process is illustrated in Fig. 4 . Fig. 5 shows a block diagram of the proposed harmonic radar system. A pulsed PRN code is generated with an FPGA board. The rise time is 10 ns and the fall time is 14 ns. This PRN code modulates a 9.4-GHz CW wave that in turn produces a pulsed RF signal. A traveling-wave-tube (TWT) highpower amplifier with peak output power of 3 kW was applied to amplify the output signal from the transmitter to increase the searching range. This TWT high-power amplifier is a pulsed power amplifier with a maximum pulse width of 50 s and a maximum duty cycle of 5%. After being amplified to a high power level with the high-power amplifier, the pulse RF signal passes through a low pass filter to remove the unwanted second harmonic. The transponders receive the pulse RF signal and double the frequency to 18.8 GHz. The 18.8-GHz signal from the transponder is received by the receiver and demodulated to a received PRN code ( , and ). A four-channel, 2-GHz sampling rate scope receives the trigger signals and and transfers the received signal to a computer to calculate the distance.
IV. HARMONIC RADAR IMPLEMENTATION
The modulation selected in this harmonic radar is binary phase-shift keying (BPSK) modulation. The transponders double both the frequency and the phase of the RF signal. Therefore, the modulator in the transmitter must be modified from a BPSK modulator to 0 and 90 phase-shift keying modulator to convert the output signals from transponders to BPSK signals.
An IQ mixer and not a balanced mixer is required to demodulate the BPSK-modulated signal from the transponders. If a balanced mixer is used for demodulation, the output signal will be null at some distance which creates 90 or 270 phase difference between the received signal and the LO of the demodulator. With the IQ mixer, the distance of null output signal in I channel and Q channel are complementary. Therefore, the results of both and can cover the measured distance without null output signal. Table I lists the requirements of the components in the harmonic radar. Frequency multipliers in the LO chains are used separately for the modulator and the demodulator to reduce the local leakage from the LO chain. Therefore, most of the 9.4-GHz leakage RF signal of the modulator is suppressed in the input of the frequency multiplier. Fig. 6 shows a photograph of the transceiver integrated in a metal box.
In the field test, the transceiver is connected to a high-gain antenna with a diplexer. Therefore, the local leakage from the diplexer has to be further suppressed because the power level of the high-power amplifier is very high so that the second harmonic is higher than the reflection signal from the transponders. In addition to the diplexer, two 50-dB suppression low-pass filters are used to connect with a wideband isolator to achieve more than 100-dB total second-harmonic suppression. Although local leakage from the diplexer is reduced, it still cannot be neglected. Therefore, the cancellation method for the local leakage described in Section II is applied to cancel the local leakage.
Regarding the application of the transponders, the load bearing of bees limit the transponder size to 3 mm 5 mm. To improve the conversion rate in low power density, a silicon Schottky diode with barrier voltage lower than 0.2 V is used for the frequency doubler. Because the transponders are mounted on bees, it is necessary to reduce the influence of the radiation pattern caused by bees' bodies. Thus, the antenna is designed by using the composite right-/left-handed transmission-line (CRLH TL) concept [11] , which has a complete backside ground metal to shield the bees' bodies. Fig. 7 shows the layout of the transponder. This transponder is designed on a 30-mil Ro3003 substrate. Both 9.4-and 18.8-GHz antennas are realized in an area of 2.8 mm 3.8 mm with 20-mg weight. This weight could be reduced by using other low-weight material as the substrate of the antenna. This 20-mg weight is about 20% of the weight of a bee and has to be carefully taken into consideration while designing the related entomology experiments [19] and [20] . Fig. 8 shows the simulated radiation pattern. A box of water was placed under the transponder to simulate of the antenna gain accounted for the body of the bee. The simulated pattern is omnidirectional in the XY plane, with the antenna gain of 5 dBi. To measure the transponder, a transponder is placed at a distance to a standard gain horn antenna. A CW signal in 9.4 GHz is transmitted to the standard gain horn antenna. To separate the transmitting and the receiving power, a directional coupler is used in front of the standard gain horn antenna. A spectrum analyzer is applied on the coupled port of the coupler to measure the power level of the receiving power. Using (2) and the measured receiving power level, is estimated to be 34 dB at a power density of 1 W/mm . Using the simulated antenna gain of 5 dBi, the doubler conversion rate is estimated to 24 dB and the degradation of the conversion gain due to the bee body is only 3 dB. Fig. 9 shows the photographs of transponders and one transponder on a bee. The size of the transponder is compact enough that 16 transponders can be placed on a coin of 20-mm diameter. To avoid influencing the wing movement of the bee, the transponder is mounted on the back of the abdomen. Several field tests show that bees are able to fly as well as go in and out of the beehive wearing the transponders. 
V. MEASUREMENT

A. Transceiver Sensitivity
Before the field test, we measured the sensitivity of the transceiver in the laboratory. The major difficulty in measuring the sensitivity is that the frequency of the transmitting signal must be doubled to be the receiving signal. However, the conversion rate of the frequency doubler is sensitive to the input power, especially when the input power is low. Therefore, we reused the second harmonic of the transmitting signal as the receiving signal directly. Fig. 10 shows the measurement setup for the sensitivity. The transmitting signal is connected to a high pass filter to remove the signal in fundamental frequency. The power level of the fundamental signal is then suppressed to 80 dBm, which is 7 dB below the 73-dBm power level of the second-harmonic signal. Because the signal after the filter is dominated by the second-harmonic signal, it can be used as the receiving signal. After the filter, a cable of 2-m length is used to emulate the time delay between the transmitting and the receiving signal. To control the input power of the receiving signal, different attenuators are used after the cable. Fig. 11 illustrates the measured waveforms of the received I and Q signals. The difference between the signal and the noise is apparent in the difference of the waveform inside and outside the duty cycle. Because the bandwidth of the IF amplifier is 100 MHz, the noise level is approximately 93 dBm. Therefore, the signal is much higher than the noise when the input power is 80 dBm. On the other hand, there is no difference in the waveform with and without the duty cycle when the input power is 109 dBm because the signal power is below the noise level. Fig. 12 shows the standard deviation of the delay and the mean of the peak value relating to the peak correlation versus receiving power over twenty measurements. Because the IF amplifier is designed to limit the output voltage to 1.4 V, the peak value is limited to the same level when the input power exceeds 90 dBm. Conversely, the peak value is proportional to the square of the input power when the input power is lower than 90 dBm because the correlation is proportional to the receiving voltage. The minimum measured peak value is 0.03 with a 124-dBm input power. The standard deviation is still smaller than two sample numbers when input power is higher than dBm. This dBm input power is 27 dB higher than the 93-dBm noise level and verifies the 30-dB processing gain while calculating the correlation of the PRN codes. Fig. 13(a) shows an aerial map of the area for the field test. Because the longest distance of this area is 70 m, couplers and attenuators are applied to the 3-kW power amplifier to decrease the output power to 1.75 W. We used this harmonic radar to find the fixed position of the transponder fixed away from the transceiver as shown in Fig. 13(b) .
B. Field Test
Although a high-rejection low-pass filter was applied to the output of the high-power amplifier (Fig. 5) , the power level of the leaking second-harmonic signal from the high-power amplifier through the diplexer is still high compared with the signal received from the transponder. Therefore, the leakage cancellation described in Section II is important to prevent the leakage from influencing the measurement results. Fig. 14 shows the function of the leakage cancellation when measuring the transponder 50 m away from the transceiver. The dominate TABLE II  COMPARISON TABLE OF THE PUBLISHED leakage was first found and then cancelled according to the property of the symmetry. After the leakage cancellation, the peak of the leakage signal in short distance is cancelled. The difference between the peak value from the transponder at 75 m distance and unwanted peak value near the transponder is also reduced. Because the correlation of the local leakage is negative at the distance of 75 m, the peak value from the transponder at 75 m is increased after leakage cancellation. Therefore, the leakage cancellation confirms that the dominate leakage will not influence the measurement results. According to the half pulse width of Fig. 14 , the resolution of this radar system is estimated to be 6 m. Fig. 15 shows a comparison of the real and measured distances from the radar. The measured distance is the mean of 20 measurements and is close to the real distance. Within a distance of 61 m, the errors are below 1 m and the standard deviation is less than 2 m which are acceptable for bee-searching application.
In Fig. 16 , the receiving power versus distance with transmitting power for both 1.65 W and the 3 kW is calculated according to (2) . The receiving power at the 61-m maximum detection range in the field test is estimated to be 106 dBm, which is 13 dB higher than the 93-dBm noise level. The 13-dB improvement of the sensitivity improves the distance from 40 to 61 m. The reason to use this estimation is that the weak received power is below the noise level and cannot be directly measured with the spectrum analyzer. This estimation can be verified by comparing the results from the transceiver sensitivity measurement (Fig. 12) . The estimated sensitivity of the radar ( 106 dBm) is worse than the measured transceiver sensitivity ( 120 dBm). This is reasonable because the transponder position for the best receive power is difficult to be achieved in the field test. Using the estimated sensitivity of the radar and the received power versus distance with 3 kW transmitting power, the detection distance can then be estimated. If the 3-kW output power is applied, the detectable range increases from 530 to 900 m because the sensitivity is 13 dB higher than the 93-dBm noise level. This improvement alleviates the high power requirements of the harmonic.
Finally, the measurement results with multiple transponders were performed with four transponders putting in different positions (Fig. 17) , which reveal that all of the transponders are found during the measurement. Table II presents a comparison of the published harmonic radar, showing that the proposed PRN code harmonic radar achieves high range accuracy and small transponder size.
VI. CONCLUSION
This study presents a 9.4/18.8-GHz harmonic radar for bee searching. This harmonic radar uses the PRN code position technique to achieve high range accuracy and high sensitivity simultaneously. The ideal range accuracy for this harmonic radar is 0.075 m, which is determined by the sampling rate of the IF signal. Calculating the correlation between the PRN codes shows that a 30-dB processing gain is achieved, and the sensitivity is improved to 120 dBm. A transponder using the CRLH TL concept is designed to reduce the antenna size and minimize the influence of radiation pattern from the bee body. Field tests achieved a 61-m detection range is achieved at a 1.75-W transmission power with only 1-m distance error and 2-m standard deviation. Therefore, it is confirmed that the proposed PRN code positioning technique improves the range accuracy and the detection range.
